Introduction
============

*Candida albicans* is a typical component of the gastrointestinal and genitourinary tract flora in healthy people. Alterations in host immunity, bacterial flora, or other environmental factors allow its overgrowth, causing a wide range of infections. Thus, *C. albicans* is an opportunistic pathogen, and it is the third most commonly isolated fungal agent acquired in hospitals.[@b1-idr-11-915]

Closely related to nosocomial infections is the capability of pathogenic microorganisms to form biofilms. Approximately 80% of human bacterial infections[@b2-idr-11-915] and health-care associated infections related to the implantation of medical devices (such as urinary or intravascular catheters and prosthetic heart valves) are caused by biofilms.[@b3-idr-11-915]

*Candida albicans* forms highly structured biofilms, and it is the predominant fungal species isolated from medical devices. Once established on medical devices, *Candida* biofilms have the potential to disseminate bloodstream infections, leading to systemic infections of tissues and organs.[@b4-idr-11-915]

Microbial biofilms are much more resistant to antibiotics and immune-system effectors when compared to planktonic cells. The high resistance of biofilms to antimicrobials is also considered responsible for the worldwide increase in multidrug-resistant pathogens.[@b5-idr-11-915],[@b6-idr-11-915]

Resistance of *Candida* biofilm to antimicrobials is related to several factors, such as the higher frequency of mutation and horizontal gene transmission in the biofilm; the production of reactive oxygen species not being balanced by the antioxidant system, which increases mutability; the reduced penetration of antibiotics into the matrix; and the presence of recalcitrant persister cells.

In addition, the up-regulation of efflux pumps for drug exportation is thought to mediate resistance, even when the antifungal agent is absent, differently from the situation observed in planktonic cells, where the same pumps are up-regulated only in response to drug exposure.[@b7-idr-11-915]--[@b10-idr-11-915]

The extreme resistance of *Candida* biofilms to antifungal agents has a great clinical impact: it implies the requirement to use high antifungal doses and/or remove the colonized medical devices. In this scenario, there is an urgent need to discover new anti-biofilm therapeutics as alternatives to conventional drugs. Ideally, compared to traditional antibiotics, new drugs should have multiple mechanisms of action and lower susceptibility to the development of resistance.

Antimicrobial peptides (AMPs) are produced by a variety of organisms as a first line of defense[@b11-idr-11-915] against bacteria and fungi. Their principal mechanism of action involves binding to conserved structural components of the cell envelope followed by an interaction with the cell membrane, which can be rapidly lethal. Some AMPs also bind to intracellular targets and inhibit important biological processes such as cell-wall formation or DNA, RNA, and protein synthesis. These mechanisms of action are rapidly bactericidal/fungicidal and decrease the chances of the development of resistance compared to conventional antibiotics.[@b11-idr-11-915]--[@b15-idr-11-915]

AMPs belonging to several classes, from natural sources or from synthesis, have been mainly used against pathogenic bacterial biofilms. Reports concerning the use of AMPs against *Candida* biofilms are scarce.[@b16-idr-11-915] Nonetheless, some AMPs have been used in the prevention of the initial adhesion of cells to the surface and in the removal of the mature biofilm.[@b17-idr-11-915] One of the most studied families of anti-biofilm AMPs encompasses the cathelicidins and their derivatives,[@b18-idr-11-915] some of which, such as the AS10 peptide, are effective against biofilms of different strains of *C. albicans*.[@b19-idr-11-915]

Indolicidin, a cathelicidin-related antimicrobial peptide, has been shown to have good antibacterial activity,[@b20-idr-11-915] and a low toxicity profile in vitro and in vivo, as demonstrated in studies on different animal models.[@b21-idr-11-915]--[@b24-idr-11-915] It is a 13-residue peptide with a high content of tryptophan and broad-spectrum antimicrobial and hemolytic activities. As an anti-biofilm compound, indolicidin has been proved to be effective against methicillin-resistant *Staphylococcus aureus* (MRSA) biofilms.[@b25-idr-11-915] So far, indolicidin has not been proposed for the control of fungal biofilm formation.

Moreover, several reports have indicated nanoparticles (NPs) to be effective against bacterial and fungal biofilms. In particular, gold nanoparticles (AuNPs) have resilient properties compared to other inorganic NPs, and thus they could be used as carriers of antitumor drugs, antibodies, antibiotics, or drugs for selective killing of diseased cells and microbes.[@b26-idr-11-915]--[@b28-idr-11-915]

Several factors limit the use of AMPs in clinics: potential toxicity, high costs of production, instability to proteases, and lack of knowledge about therapeutic administration. One limitation is represented by the fact that AMPs are composed of L-amino acids, which are recognized by microbial and host cell proteases that break down the peptides, decreasing their activity. Therefore, our research was aimed at overcoming this limitation by functionalizing AuNPs with indolicidin to improve its anti-biofilm activity in vivo. It is widely accepted that multivalence may provide greater efficacy and conjugation on NPs may reduce degradation by peptidases.

In this study, we investigated the efficacy in vitro of a nano-complex of gold nanoparticles coated with indolicidin (AuNPs--indolicidin) in both preventing cell adhesion and eradicating the developed biofilms of some *Candida* clinical isolates and American Type Culture Collection (ATCC) strains. Furthermore, we investigated the expression levels of four biofilm-associated genes, namely *EFG1*, *HWP1*, *ALS1*, and *ALS3*.[@b29-idr-11-915] The activity of efflux pumps is widely described as the main cause of drug resistance in *C. albicans*, with an overexpression of *CDR1* and *CDR2* genes even after short exposure to antifungal drugs.[@b30-idr-11-915]--[@b32-idr-11-915] Therefore, this study also investigated the possible involvement of efflux pumps and the expression of the connected *CDR1* and *CDR2* genes after the treatment of *Candida* biofilms.

Materials and methods
=====================

Synthesis and characterization of AuNPs--indolicidin
----------------------------------------------------

The peptide (Ac-CILPWKWPWWPWRR-CONH~2~) was synthesized using an automatic synthesizer (Syro I MultiSynThec, Wullener, Germany), as previously reported.[@b33-idr-11-915] The peptide was characterized using reversed-phase high-performance liquid chromatography (Shimadzu Corporation, Kyoto, Japan), on a column equipped with an ultraviolet Lambda-Max Model 481 detector, and liquid chromatography--mass spectrometry (Finnigan/Thermo Electron Corporation, San Jose, CA, USA).

Purified peptide was conjugated, in the presence of 10 mmol/L citrate buffer (pH 6), to Au-NPs (Cod. 752.568; Sigma-Aldrich, St Louis, MO, USA) with a diameter of 5 nm (5.47×10^13^ NPs/mL), as previously reported.[@b34-idr-11-915] The functionalized NPs were purified by centrifugation (14,000 *g* for 30 min) and the pellet was resuspended in PBS in the presence of 0.05% (v/v) Triton X-100. To calculate the amount of peptide coupled to AuNPs, fluorimetric measurements were carried out using a Varian Carry Eclipse spectrometer (Agilent Technologies, Santa Clara, CA, USA). The fluorimetric and zeta potential (ZP) measurements have been previously reported.[@b35-idr-11-915] The final peptide concentration coupled to AuNPs was 250 µM.

Growth conditions of microorganisms
-----------------------------------

Reference strains from ATCC (Manassas, VA, USA), *C. albicans* 90028, *C. albicans* 14053, and *C. albicans* 10231, were used in this study. Moreover, four *C. albicans* and one *Candida tropicalis* multi-resistant clinical isolates obtained from University Hospital "Luigi Vanvitelli" (Naples, Italy) were examined. The isolates had been taken as part of routine hospital laboratory procedures. The strains were named C1--C8; C1--C4, *Candida albicans* strains isolated from central venous catheter, oropharyngeal tract, blood, and oropharyngeal tract, respectively; C5--C7, *C. albicans* ATCC strains 90028, 10231, and 14053, respectively; C8, *Candida tropicalis* strain isolated from blood. All strains were maintained on Sabouraud dextrose agar (SDA) medium (1% peptone, 4% glucose, 1.5% agar, pH 5.6) (Difco) at 37°C for 24 h. Then, the yeast cells were inoculated in triptone soya broth (TSB) medium with 1% glucose (Difco) and incubated at 37°C for 24 h under agitation. Yeast cells were harvested by centrifugation, and washed twice in PBS, pH 7.0.

Determination of minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of planktonic cells
----------------------------------------------------------------------------------------------------------------------

The antifungal effects of indolicidin on all *C. albicans* strains were evaluated using the broth microdilution susceptibility test according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI, 2008 M27-A3). Indolicidin was tested at concentrations ranging from 10 to 300 µM. Amphotericin B (Sigma-Aldrich, St Louis, MO, USA) at concentrations ranging from 0.001 to 100 µg/mL served as the standard antifungal compound. The MIC was determined as the minimal concentration that inhibited fungal growth determined at 590 nm using a microplate reader (Synergy™ H4; BioTek Instruments, Inc., Winooski, VT, USA).

The MFC was determined by subculturing 10 µL of the medium collected from the wells showing no microscopic growth after 48 h, on SDA medium plates. The MFC was the lowest concentration that yielded no colonies after 24 h growth on agar. The MFC/MIC ratio was calculated to determine whether the substance had fungistatic (MFC/MIC ≥4) or fungicidal (MFC/MIC \<4) activity.[@b36-idr-11-915]

*Candida* biofilm formation
---------------------------

*Candida* cells were suspended at 10^7^ cells/mL in RPMI 1640 medium. Then, 100 µL of the suspension was added into individual wells of polystyrene 96-well plates and incubated at 37°C to allow biofilm formation. Biofilms were allowed to develop over two time intervals (24 h and 48 h). For 24 h biofilms, 40 ppm AuNPs, 150 mM indolicidin, or 40 ppm AuNPs--indolicidin were added to the wells to prevent cell adherence. For the 48 h biofilms, the medium was renewed after 24 h to allow a mature biofilm formation, and then AuNPs, indolicidin, and AuNPs--indolicidin, at the same concentrations as for the 24 h biofilms, were added to the wells for a further 24 h incubation.

Crystal-violet (CV) staining assay
----------------------------------

The total biomass of the biofilm was analyzed using the CV staining method.[@b37-idr-11-915]--[@b39-idr-11-915] Wells were washed with 300 µL of PBS to remove the planktonic cells, then fixation was performed by air drying at 60°C for 60 min. Then, 150 µL of CV (0.2% p/v) was added to each well and incubated for 15 min. After washing, CV bound to the biofilm was detached by adding 150 µL of 30% v/v acetic acid to each well. After incubating the plate for 30 min at room temperature, the absorbance at 570 nm was detected with a DR 5000™ spectrophotometer (Hach Company, Loveland, CO, USA).

XTT reduction assay
-------------------

A quantitative measurement of *C. albicans* biofilm formation was obtained by assessing the metabolic activity of the attached cells with a 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-(phenylamino) carbonyl)-2H-tetrazolium hydroxide (XTT) colorimetric assay kit (Sigma-Aldrich St Louis, MO, USA).[@b40-idr-11-915] In brief, wells were washed with 300 µL of PBS to remove the planktonic cells, then 100 µL of PBS and 10 µL XTT solution were added to each well. Plates were incubated at 37°C for 3 h in the dark and the colorimetric change was measured at 492 nm by a microtiter plate reader (Synergy H4; BioTek Instruments, Inc.).

Efflux of Rhodamine 6G (R6G) of planktonic cells
------------------------------------------------

*Candida* cells were grown in 20 mL of TSB with glucose 1% p/v at 37°C for 18 h. Then, an aliquot of 1×10^8^ cells was transferred to 5 mL of fresh medium and incubated at 37°C for 4 h. Cells were centrifuged at 4000 rpm for 5 min, and pellets were washed three times with PBS and then resuspended in 0.1 M KCl for 1 h. A stock solution of 10 mM R6G in DMSO was used.[@b41-idr-11-915] Then, 5 µL of the 10 mM R6G solution was added to the cell suspension and incubated at 37°C for 10 min. Cells were centrifuged at 10,000 rpm for 2 min, and the pellet was washed with 0.1 M KCl and resuspended in 5 mL of 0.1 M KCl. Then, the AuNPs--indolicidin complex was added to the cell suspension and incubated at 37°C. Every 10, 20, and 30 min, 1 mL of the sample was collected and centrifuged at 10,000 rpm for 2 min, and the supernatant absorbance at 527 nm was determined with a DR 5000™ spectrophotometer (Hach Company).

ZP of planktonic cells
----------------------

The ZPs of the fungal cell suspensions, treated and not treated with AuNPs--indolicidin, were determined using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) and disposable zeta cells with gold electrodes. Overnight-cultured *C. albicans* (10^6^ cells/mL of C1 and C5 strains) were suspended in TSB--glucose with and without 40 ppm AuNPs--indolicidin complex, and incubated for 24 h. Then, cells were centrifuged and resuspended in 20 mM phosphate buffer, pH 6.7. Five measurements (70--100 runs each) were performed with a constant voltage of 40 V, and equilibration time was 5 min at 37°C. Three independent experiments were performed.

Scanning electron microscopy (SEM)
----------------------------------

To perform SEM observations of *Candida* biofilms, the biofilm-containing wells were washed with PBS, fixed overnight with 3% glutaraldehyde at 4°C, then washed with PBS and post-fixed in 1% aqueous solution of osmium for 90 min at room temperature. Then, samples were dehydrated in a series of graded alcohols, dried to the critical drying point, and finally coated with gold. A scanning electron microscope (Quanta 200 ESEM; FEI Europe Company, the Netherlands) operating under a high vacuum with 10 kV was used to observe the biofilm structure.

Total RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)
---------------------------------------------------------------------------------

Total RNA was prepared in triplicate for each strain (treated and not treated with the complex) using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). The quality and amount of purified RNA were analyzed with a NanoDrop™ 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). In brief, 1000 ng of RNA was reverse transcribed with the QuantiTect^®^ Reverse Transcription Kit (Qiagen, USA). Afterwards, we performed a real-time PCR using the QuantiTect SYBR Green PCR Kit in a Rotor-Gene Q cycler, following the manufacturer's instructions (Qiagen, USA). Quantitative RT-PCR analysis was conducted using the 2-(ΔΔCt) method.[@b42-idr-11-915] Specific primers were designed ([Table 1](#t1-idr-11-915){ref-type="table"}) for six target genes, and the *ACT1* gene was used for normalization of the relative expression.[@b43-idr-11-915] At the end of each test, a melting-curve analysis was carried out (plate read every 0.5°C from 55°C to 95°C) to determine the formation of the specific products. Each sample was tested and run in duplicate.

Statistical analysis
--------------------

The results reported are the mean values and SDs obtained from three different observations. The control and the treatment groups in various assays were compared and analyzed using Student's *t*-test. Data with *p*-values \<0.05 were considered statistically significant.

Results
=======

Characterization of NPs
-----------------------

Indolicidin was covalently conjugated to AuNPs using thiol chemistry and the conjugation reaction was followed by fluorescence spectroscopy as previously reported,[@b35-idr-11-915] showing a reaction yield higher than 90%. The ZPs of AuNPs--indolicidin and AuNPs were --14.8±0.5 and --19.1±0.9 mV, respectively, in agreement with previous results. These data clearly showed that the presence of the peptide on the surface did not significantly modify the charge of the NPs.

Antimicrobial assays of indolicidin
-----------------------------------

To assess the antimicrobial activity of indolicidin against planktonic cells of *Candida* strains, we performed a susceptibility assay consisting of the determination of MIC and MFC.

*Candida albicans* strains and one *C. tropicalis* strain (C1--C8) were analyzed. Three ATCC *C. albicans* came from our laboratory's collection (strains C5, C6, C7), four *C. albicans* strains colonizing different mucosal sites were isolated from hospitalized patients (strains C1, C2, C3, C4) and one *C. tropicalis* strain was isolated from the blood of a hospitalized patient (strain C8).

As shown in [Table 2](#t2-idr-11-915){ref-type="table"}, MIC values were 150--200 µg/mL, and all of them were also fungicidal. For C1 and C5, indolicidin was fungicidal at their MIC (MIC=MFC), and these strains also had the best MICs.

Anti-biofilm efficiency of indolicidin, AuNPs, and AuNPs-indolicidin
--------------------------------------------------------------------

Total biomass formation in the biofilm was evaluated using CV; the efficacy of the treatments with indolicidin, AuNPs, and AuNPs--indolicidin was determined using the XTT assay, with measurement of the biofilm metabolic activity, which is a technique commonly used to examine the impact of anti-biofilm therapies.

In [Figure 1](#f1-idr-11-915){ref-type="fig"}, the biofilm quantification of all the *Candida* strains after 24 h and 48 h is reported. The figure shows that all strains were able to develop both intermediate (24 h) and mature biofilms (48 h). Biofilms of ATCC strains (C5, C6, C7) at 48 h, compared with those of clinical isolates (C1, C2, C3, C4, C8), showed a biomass formation more similar to each other.

The results of inhibitory experiments with AuNPs--indolicidin on the biofilm formation at 24 h are reported in [Figure 2](#f2-idr-11-915){ref-type="fig"}. For all strains, the nano-complex presented an inhibitory effect on the adhesion which was more evident and significant than for indolicidin and AuNPs alone. In particular, it is possible to observe a significant inhibition (more than 50%) for all strains treated with AuNPs--indolicidin, with a more evident effect obtained for clinical strains (strains C1, C2, C3, C4). [Figure 2](#f2-idr-11-915){ref-type="fig"} also shows that the peptide indolicidin alone was able to inhibit biofilm formation, reaching 40% inhibition in most cases.

XTT assays were performed to determine whether the AuNPs--indolicidin was able to eradicate the 48 h biofilms. [Figure 3](#f3-idr-11-915){ref-type="fig"} shows that the major removal of mature biofilm was achieved for all strains with the complex AuNPs--indolicidin, although in some cases indolicidin alone was also effective. The results showed that the metabolic activity of *Candida* biofilms decreased for all the strains examined after treatment with AuNPs--indolicidin, above all for ATCC strains (C5, C6, C7), which showed a percentage of eradication of 55--65%.

Microscopy analysis
-------------------

The structure of *Candida* biofilms before and after treatment with AuNPs--indolicidin was analyzed by SEM. In [Figure 4](#f4-idr-11-915){ref-type="fig"}, the representative microphotographs of strain C1 biofilms after 24 h and 48 h, and the corresponding biofilms after treatment are reported. The 24 h biofilm appeared relatively scarce and mostly composed of yeast-like cells ([Figure 4A](#f4-idr-11-915){ref-type="fig"}). In contrast, the 48 h biofilm ([Figure 4C](#f4-idr-11-915){ref-type="fig"}) showed a characteristic dense network of cells, with elongated forms surrounded by an abundant polymeric matrix. The occurrence of hyphae and a polymeric matrix is indicative of biofilm maturation, and represents a main virulence factor of *Candida* species.

The treatment impaired the formation of the 24 h biofilm ([Figure 4B](#f4-idr-11-915){ref-type="fig"}) and was also able to eradicate the developed one ([Figure 4D](#f4-idr-11-915){ref-type="fig"}).

The main structural differences visualized under SEM after treatment were major changes in the cell-surface appearance, from smooth to rough ([Figure 4B](#f4-idr-11-915){ref-type="fig"}), probably indicating outer cell-wall damage.

Kinetics of R6G efflux
----------------------

The kinetics of R6G efflux was determined to evaluate the capacity of planktonic *Candida* cells to activate the drug efflux pumps following the nano-complex treatment.

[Figure 5](#f5-idr-11-915){ref-type="fig"} reports the kinetics of R6G efflux by plank-tonic *Candida* cells of the two representative strains C1 and C5 after treatment with AuNPs--indolicidin. A significant increase in R6G release compared to controls, in a time-dependent manner, was observed.

ZP analysis
-----------

The ZPs of fungal cell suspensions (strains C1 and C5) treated and not treated with the AuNPs--indolicidin were determined. The results show that the treatment of cells with AuNPs--indolicidin did not significantly change the charge of cells. The ZP of planktonic cells after treatment with the nano-complex was similar to that of untreated ones ([Table 3](#t3-idr-11-915){ref-type="table"}), and also similar to the ZP value of cells treated with AuNPs alone (--15.3 mV). These results show that there was no clear electrostatic effect of the nano-complex that could be attributed to damage to the membrane surface.

Real-time PCR
-------------

The effects of AuNPs--indolicidin on the expression of four biofilm-associated genes (*EFG1*, *HWP1*, *ALS1*, *ALS3*) and two drug-transporter encoding genes (*CDR1*, *CDR2*) were evaluated by quantitative RT-PCR. *ALS1* and *ALS3* encode cell-surface glycoproteins (adhesins) that mediate cell-to-cell adherence, *EFG1* is one of the main transcription factors for biofilm formation, and *HPW1* encodes a cell-wall fungal protein for hyphal development. As expected, the four biofilm-associated genes were down-regulated in the planktonic cells of all the strains examined with respect to the corresponding cells of the biofilms (data not shown).

[Figure 6](#f6-idr-11-915){ref-type="fig"} reports transcription profiles of the biofilms of the two representative strains C1 and C5 after treatment with the AuNPs--indolicidin complex. The four biofilm-associated genes *ALS1*, *ALS3*, *EFG1*, and *HPW1* were down-regulated in the early stages of biofilm development ([Figure 6A and B](#f6-idr-11-915){ref-type="fig"}) after treatment with the nano-complex, confirming that AuNPs--indolicidin inhibited to some extent the surface adherence of *Candida* cells. The analysis of the 48 h biofilm samples ([Figure 6C and D](#f6-idr-11-915){ref-type="fig"}), also shows a down-regulation of *ALS1*, *ALS3*, and *EFG1* following the nano-complex treatment, indicating the susceptibility of the mature biofilms of the strains to AuNPs--indolicidin. Only *HPW1* expression increased in 48 h biofilms, being equal to the control in strain C1 and up-regulated in C5.

A reduced expression of *CDR1* and *CDR2* was observed in both C1 and C5 early biofilms treated with AuNPs--indolicidin ([Figure 6A and B](#f6-idr-11-915){ref-type="fig"}), indicating a possible impairment of drug transport pumps. These data suggest that the inhibition of the initial phases of biofilm formation could be partly mediated through a mechanism of suppression of the expression of these genes. Differently from the C1 cells of the 48 h biofilm, where *CDR1* and *CDR2* were down-regulated ([Figure 6C](#f6-idr-11-915){ref-type="fig"}), in the C5 cells of the 48 h biofilm ([Figure 6D](#f6-idr-11-915){ref-type="fig"}), *CDR1* showed no difference from the control and *CDR2* was up-regulated, indicating an increased activity of the efflux pumps in the mature biofilm of this strain after treatment with the nano-complex.

Discussion
==========

Biofilms of *C. albicans* formed on medical devices not only provide protection from environmental stress, but also enhance the resistance to antifungal agents compared to planktonic cells.

Both AMPs and NPs of different nature (organic, inorganic, or hybrid) represent a potential alternative as a therapeutic strategy for biofilm control.[@b44-idr-11-915] In particular, drug-functionalized NPs can be developed to enhance penetration, to selectively target or release drugs locally after microbial attachment or within the biofilms.[@b26-idr-11-915] Furthermore, the use of NPs as carriers allows drug efficacy to be enhanced by overcoming resistance mechanisms, such as degradation of β-lactamase, efflux pumps, or wide cell walls.[@b45-idr-11-915]

In this work, we have provided sound evidence that the AuNPs--indolicidin complex can easily penetrate the biofilm matrix and the cells, altering fungal membrane permeability as well as reducing the cell population.

The results obtained clearly demonstrate that the function-alization of AuNPs with the peptide indolicidin produced a very effective compound able to inhibit the early formation of biofilms and to eradicate mature biofilms of ATCC strains and even of clinical isolates.

The XTT assay revealed the high potential of the nano-complex for prevention and treatment of *C. albicans* biofilms compared to indolicidin and AuNPs alone, the latter showing less pronounced effects.

In our experiments, AuNPs show a lower activity compared to indolicidin alone on *Candida* biofilm formation; these data suggest that AuNPs enhance indolicidin activity rather than inhibiting biofilm formation directly. This could be due to the enhanced stability of the nano-complex towards protease degradation occurring in the matrix and/or inside the cells. It has been reported that functionalization of NPs with AMPs overcomes problems such as proteolytic degradation and peptide self-aggregation, maintaining their antimicrobial properties.[@b46-idr-11-915]

We found that the membrane surface was not significantly modified after treatment with AuNPs--indolicidin, as shown by ZP experiments. Instead, the different kinetics of R6G efflux in cells treated with the nano-complex was indicative of the activation of efflux pumps after treatment. We thus hypothesize that the mechanism of inhibition and eradication of the biofilm was correlated not with damage to the membrane surface, but with penetration of the nano-complex, which allows access to intracellular targets. We found that metabolic activity was impaired.

Moreover, after 24 h treatment, we found a significant down-regulation of the genes involved in biofilm formation (*ALS1*, *ALS3*, *EFG1*, and *HWP1*), as well as of the drug transporter encoding genes (*CDR1*, and *CDR2*), suggesting that the nano-complex increased the susceptibility of *C. albicans*, through a mechanism of suppression of gene expression. In the mature biofilm, after treatment, we observed a down-regulation for *ALS1*, *ALS3*, and *EFG1* genes, encoding for molecules essential to *C. albicans* adhesion and biofilm formation, whereas *HPW1* showed more variable behavior.

Conclusion
==========

The results presented in this paper constitute a preliminary study for the possible use of the complex AuNPs--indolicidin as a therapeutic alternative to combat *Candida* biofilms in clinical applications, avoiding the adverse effects caused by the use of high doses of drugs. Nonetheless, further investigation is required to test the efficacy of this nano-complex on medical implants and to unravel its mechanisms of action.
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![Absorbance values obtained with crystal violet staining for *Candida* biofilms at 24 and 48 h stages of development. Data are reported as the mean±SD of three independent experiments. Statistically significant differences between 24 h and 48 h: \**p*\<0.05 (Student's *t*-test).\
**Abbreviations:** C1--C4, *Candida albicans* strains isolated from central venous catheter, oropharyngeal tract, blood, and oropharyngeal tract, respectively; C5--C7, *C. albicans* ATCC strains 90028, 10231, and 14053, respectively; C8, *Candida tropicalis* strain isolated from blood.](idr-11-915Fig1){#f1-idr-11-915}

![Efficiency of biofilm inhibition of AuNPs, indolicidin, and AuNPs--indolicidin at intermediate (24 h biofilm) stages of development. Biofilm viability was quantified by the XTT assay. Data are reported as the mean±SD of three independent experiments. Statistically significant differences between groups: \**p*\<0.05, \*\**p*\<0.01 (Student's *t*-test).\
**Abbreviations:** AuNPs, gold nanoparticles; XTT, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-(phenylamino)carbonyl)-2H-tetrazolium hydroxide; C1--C4, *Candida albicans* strains isolated from central venous catheter, oropharyngeal tract, blood, and oropharyngeal tract, respectively; C5--C7, *C. albicans* ATCC strains 90028, 10231, and 14053, respectively; C8, *Candida tropicalis* strain isolated from blood.](idr-11-915Fig2){#f2-idr-11-915}

![Efficiency of biofilm eradication of AuNPs, indolicidin, and AuNPs--indolicidin. Biofilm viability was quantified by the XTT assay. Data are reported as the mean±SD of three independent experiments. Statistically significant differences between groups: \**p*\<0.05, \*\**p*\<0.01 (Student's *t*-test).\
**Abbreviations:** AuNPs, gold nanoparticles; XTT, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-(phenylamino)carbonyl)-2H-tetrazolium hydroxide; C1--C4, *Candida albicans* strains isolated from central venous catheter, oropharyngeal tract, blood, and oropharyngeal tract, respectively; C5--C7, *C. albicans* ATCC strains 90028, 10231, and 14053, respectively; C8, *Candida tropicalis* strain isolated from blood.](idr-11-915Fig3){#f3-idr-11-915}

![Scanning electron microscopy observation of C1 biofilms at 24 h **(A)** and 48 h **(C)** and after treatment with AuNPs--indolicidin **(B, D)**. Scale bars correspond to 20 µm.\
**Abbreviations:** C1, *Candida albicans* strain isolated from central venous catheter; AuNPs, gold nanoparticles.](idr-11-915Fig4){#f4-idr-11-915}

![Kinetics of Rhodamine 6G efflux by *Candida albicans* C1 and C5 planktonic cells before and after treatment with AuNPs--indolicidin. Data are reported as the mean±SD of three independent experiments.\
**Abbreviations:** C1, *Candida albicans* strain isolated from central venous catheter; C5, *C. albicans* strain ATCC 90028; AuNPs, gold nanoparticles.](idr-11-915Fig5){#f5-idr-11-915}

![Quantitative RT-PCR analysis of *Candida albicans* biofilm-related genes after AuNPs--indolicidin treatment after 24 h for C1 **(A)** and C5 **(B)** and after 48 h for C1 **(C)** and C5 **(D)**. The relative levels of gene expression are presented as fold changes in AuNPs--indolicidin-treated groups (gray columns) with respect to the untreated controls (black columns). All gene transcript levels were normalized against *ACT1* gene expression. Statistically significant differences between AuNPs--indolicidin-treated and untreated groups: \**p*\<0.05 (Student's *t*-test).\
**Abbreviations:** RT-PCR, reverse transcription polymerase chain reaction; AuNPs, gold nanoparticles; C1, *Candida albicans* strain isolated from central venous catheter; C5, *C. albicans* strain ATCC 90028; AuNPs, gold nanoparticles.](idr-11-915Fig6){#f6-idr-11-915}

###### 

Primers used in this study

  Gene                          Primer sequence (5′→3′)
  ----------------------------- ---------------------------
  *ACT1*                        F: AGCCCAATCCAAAAGAGGTATT
  R: GCTTCGGTCAACAAAACTGG       
  *CDR1*                        F: CAACACCAFFFAAACTTATCF
  R: TCTCFCAACACCATACCTCA       
  *CDR2*                        F: TATTTCCFAFFTFFAFCTCA
  R: GCAGATGGACGATAAAGAGCA      
  *ALS1*                        F: TTGGGTTGGTCCTTAGATGG
  R: CACCATCGGCAGTTAAATCA       
  *ALS3*                        F: CTAATGCTGCTACGTATAATT
  R: CCTGAAATTGACATGTAGCA       
  *EFG1*                        F: CCAACAGCAACAACAAAAGC
  R: GGGTGAAGGGTGAACTGAAC       
  *HWP1*                        F: CAGCCACTGAAACACCAACT
  R: CAGAAGTAACAACAACAACACCAG   

**Abbreviations:** F, forward; R, reverse.

###### 

MICs and MFCs of indolicidin on *Candida* spp.

  Strain                               Origin                    MIC (µg/mL)   MFC (µg/mL)   MFC/MIC ratio   
  ------------------------------------ ------------------------- ------------- ------------- --------------- ------------
  *Candida albicans* (C1)              Central venous catheter   150           150           1               Fungicidal
  *Candida albicans* (C2)              Oropharyngeal tract       200           266           1.33            Fungicidal
  *Candida albicans* (C3)              Blood                     200           266           1.33            Fungicidal
  *Candida albicans* (C4)              Oropharyngeal tract       200           266           2               Fungicidal
  *Candida albicans* ATCC 90028 (C5)   --                        150           150           1               Fungicidal
  *Candida albicans* ATCC 10231 (C6)   --                        150           300           2               Fungicidal
  *Candida albicans* ATCC 14053 (C7)   --                        200           266           1.33            Fungicidal
  *Candida tropicalis* (C8)            Blood                     150           300           2               Fungicidal

**Abbreviations:** ATCC, American Type Culture Collection; MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration.

###### 

ZPs of planktonic cells treated and not treated with AuNPs--indolicidin

  Cells                     ZP
  ------------------------- -----------
  C1                        −13.7±1.2
  C1 + AuNPs--indolicidin   −15.7±0.9
  C5                        −15.9±1.2
  C5 + AuNPs--indolicidin   −17.9±1.4

**Note:** Results are the mean±SD from at least three independent experiments.

**Abbreviations:** ZP, zeta potential; AuNPs, gold nanoparticles; C1, *Candida albicans* strain isolated from central venous catheter; C5, *C. albicans* strain ATCC 90028.
